TCF7L2 acts as both a repressor and transactivator of genes, as directed by the Wnt signaling pathway. Recently, several highly correlated sequence variants located within a haplotype block of the TCF7L2 gene were observed to associate with type 2 diabetes in three Caucasian cohorts. We previously reported linkage of type 2 diabetes in the San Antonio Family Diabetes Study (SAFADS) cohort consisting of extended pedigrees of Mexican Americans to the region of chromosome 10q harboring TCF7L2. We therefore genotyped 11 single nucleotide polymorphisms (SNPs) from nine haplotype blocks across the gene in 545 SAFADS subjects (178 diabetic) to investigate their role in diabetes pathogenesis. We observed nominal association between four SNPs (rs10885390, rs7903146, rs12255372, and rs3814573) in three haplotype blocks and type 2 diabetes, age at diagnosis, and 2-h glucose levels (P ‫؍‬ 0.001-0.055). Furthermore, we identified a common protective haplotype defined by these four SNPs that was significantly associated with type 2 diabetes and age at diagnosis (P ‫؍‬ 4.2 ؋ 10 ؊5 , relative risk [RR] 0.69; P ‫؍‬ 6.7 ؋ 10 ؊6 , respectively) and a haplotype that confers diabetes risk that contains the rare alleles at SNPs rs10885390 and rs12255372 (P ‫؍‬ 0.02, RR 1.64). These data provide evidence that variation in the TCF7L2 genomic region may affect risk for type 2 diabetes in Mexican Americans, but the attributable risk may be lower than in Caucasian populations. Diabetes 56:389 -393, 2007 R ecently, a DNA sequence variant of the transcription factor 7-like 2 (TCF7L2, formerly TCF4) gene has been found to be significantly associated with type 2 diabetes in an Icelandic case-control study. This finding has been replicated in two other Caucasian case-control cohorts from Denmark and the U.S. (1). Interestingly, TCF7L2 has been shown to mediate regulation of glucagon-like peptide-1 expression (2), and this may be a mechanism by which alteration of this gene influences susceptibility to type 2 diabetes. The variant of TCF7L2 that has been observed to be associated with type 2 diabetes is a microsatellite marker (DG10S478) located in intron 3 (1). Additionally, the genotypes of five single nucleotide polymorphisms (SNPs) within the same large haplotype block that were correlated with DG10S478 were also associated with type 2 diabetes. The authors recommended that the two most highly correlated SNPs, rs12255372 and rs7903146, be included in replication attempts. Subsequently, these two SNPs have been associated with type 2 diabetes and impaired glucose tolerance in an Amish population and with measures of insulin sensitivity and insulin secretion in non-Amish, nondiabetic subjects (3). In addition, among participants of the Diabetes Prevention Program, TT homozygotes at these two SNPs were more likely to progress from impaired glucose tolerance to type 2 diabetes than noncarriers of the SNPs (4). We previously reported significant linkage of type 2 diabetes and its age of onset in the San Antonio Family Diabetes Study (SAFADS) cohort of Mexican-American pedigrees to the region of chromosome 10q harboring TCF7L2 (5). We therefore genotyped the two recommended SNPs (rs7903146 and rs12255372) and nine others from nine haplotype blocks across the gene in SAFADS subjects in order to investigate whether these variants were associated with type 2 diabetes.
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following an oral glucose tolerance test Ն11.1 mmol/l (200 mg/dl) (6) . Participants who did not meet these criteria but who self-reported physiciandiagnosed diabetes and who reported current therapy with either oral antidiabetic agents or insulin were also considered to have diabetes. The institutional review board of the University of Texas Health Science Center at San Antonio approved all procedures, and all subjects gave informed consent. SNP genotyping. For selection of SNPS, the program Haploview (7) was used to conduct linkage disequilibrium and haplotype block analyses using HapMap (8) (5, 9) . The threshold model assumes that an individual belongs to a specific disease category if an underlying genetically determined risk or liability exceeds a certain threshold on a normally distributed liability curve. The liability is assumed to have an underlying multivariate normal distribution. To corroborate the results of the discrete trait analysis, we also included two quantitative variables closely related to diabetes: 2-h glucose levels and the age of diabetes diagnosis. SAS was used to model age of diabetes diagnosis as a proxy for age of diabetes onset by using a Cox proportional hazards model (10) . In the Cox proportional hazards model, for previously diagnosed diabetic participants, self-reported age of diagnosis was used as the time of the event; for diabetic subjects initially diagnosed at the SAFADS examination, the participants' reported age at that examination was used as the time of the event; nondiabetic participants were censored at their SAFADS examination age. The Martingale residual from the Cox proportional hazards model, a quantitative trait, was used in the subsequent genetic analyses (11, 12) . Since the SAFADS families were ascertained on the basis of type 2 diabetic probands, our analyses included ascertainment correction (13) .
Linkage disequilibrium between each pair of SNPs was calculated by direct correlation ( r 2 ) between SNP genotype vectors in which individual SNP genotypes were scored as 0, 1, or 2, depending upon how many copies of the rarer allele an individual carried. Haplotypes were estimated using the computer program SimWalk2 (14). Haplotype score vectors were then generated with elements containing a 0, 1, or 2, depending upon the number of copies of a specific haplotype that an individual carried.
To test the association between each SNP or haplotype and the phenotypic traits, a measured genotype approach (15) was used, which accounts for the relatedness among family members by estimating the likelihood of genetic models given the pedigree structure. Using a fixed effect model to code for the observed number of an allele (or haplotype) carried by an individual (i.e., 0, 1, or 2 copies), and assuming an additive model of allelic action, we tested whether the phenotypic means (or risk of disease) of study participants varies as a function of "allelic dosage." To account for the nonindependence of related individuals, a variance component was included that accounts for the overall genetic similarity between all pairs of individuals (based on their relationship coefficients) and for the genetic similarity in the region of interest (based on computed allelic sharing probabilities computed from observed marker genotypes in the region). Within each model, we simultaneously estimated the effects of age and sex. The measured genotype method was implemented by using SOLAR (16) as described previously (11) . The relative risks (RRs) are the ratios of the mean genotype-specific liabilities for individuals carrying either one or two copies of the rare allele versus the mean liability for individuals carrying two copies of the common allele. To address possibilities of hidden population stratification in the SAFADS population, we used a pedigree test of transmission disequilibrium, specifically the quantitative trait disequilibrium test as described by Abecasis et al. (17) . The model of Abecasis et al. (17) is used to partition the total association into within (␤ w ) and between (␤ b ) family components, using allelic transmission scores in extended pedigrees. The parameters ␤ w and ␤ b are modeled as the fixed effects within a variance components framework. Given that ␤ b could be confounded by population stratification, this approach is used to address the issue of population stratification by testing whether ␤ b ϭ ␤ w . In the absence of population stratification, ␤ b ϭ ␤ w .
To assess whether TCF7L2 SNPs account for the linkage signal, linkage on chromosome 10 was reevaluated conditional to the measured genotype (i.e., SNP or haplotype) effects. This method and background have been described by Almasy and Blangero (18) and by Boerwinkle et al. (15) . If the measured genotype is the sole functional variant in this region of linkage, then identity-by-descent allele sharing should provide no additional information, and the logarithm of odds score in the conditional linkage analysis is expected to drop substantially.
RESULTS AND DISCUSSION
We genotyped 11 SNPs selected from nine haplotype blocks across the TCF7L2 gene region. The approximate locations within the genomic sequence are shown in Fig. 1 , and the pairwise correlations among these SNPs in this Mexican-American population are shown in Fig. 2A . Our estimate of linkage disequilibrium structure in this population is consistent with that generated in the CEU HapMap samples, as shown in Fig. 2B . The characteristics of each SNP are also shown in Table 1 . The allele frequencies for all SNPs except rs10885390 were consistent with CEU population. The minor allele frequency for rs10885390 was lower in the Mexican-American subjects of SAFADS (18%) than in CEU (28%). No SNPs deviated from Hardy-Weinberg expectations. Table 1 summarizes the results of genotypic association analyses using an additive model for each SNP. Nominal association (P ϭ 0.001-0.055) with type 2 diabetes and the related quantitative traits age of diagnosis and 2-h glucose level was observed for four SNPs. Association with type 2 diabetes and SNPs rs7903146 and rs12255372, the two SNPs reported to be highly correlated with marker DG10S478 in Caucasian populations (1) , was observed at P ϭ 0.030 and 0.033, respectively. The minor alleles (T) for both SNPs were associated with increased risk for type 2 diabetes, which is consistent with Grant et al. (1) , although the point estimates for RRs are substantially less in this population (Table 1 ) compared with those reported for the Caucasian populations. In addition, both SNPs were associated with increased 2-h glucose levels (rs7903146 P ϭ 0.004 and rs12255372 P ϭ 0.002) but only approached 
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nominal significance for age at diagnosis (P ϭ 0.055). Another SNP, rs10885390, which is located in another large haplotype block upstream of TCF7L2 exon 1, exhibited a similar pattern and slightly stronger association with all traits (P ϭ 0.002 for type 2 diabetes, P ϭ 0.014 for age at diagnosis, and P ϭ 0.001 for 2-h glucose). The SNP rs3814573 located in intron 4 was also associated with all traits (P ϭ 0.012 for type 2 diabetes, P ϭ 0.0003 for age at diagnosis, and P ϭ 0.010 for 2-h glucose). When only the type 2 diabetes case subjects (n ϭ 178) were included in the age-of-diagnosis analysis, only SNP rs3814573 remained associated (P ϭ 0.005). We also tested for association with fasting and 2-h insulin measures as well as fasting and 2-h glucose measures among nondiabetic subjects only (n ϭ 367). No SNPs were associated with either insulin trait. Additionally, only SNP rs12255372 approached nominal significance for association with 2-h glucose values among nondiabetic subjects (P ϭ 0.055). Further, no evidence for hidden population stratification (i.e., admixture) was observed using the quantitative trait disequilibrium test for each trait of interest (P ϭ 0.25-0.95).
We conducted haplotype analyses using the four associated SNPs. Fifteen haplotypes were observed in this population, ranging in frequency from 40 to 0.12%. As shown in Table 2 , in which the risk alleles are underlined, the mere absence of the risk alleles of SNPs rs790314 or rs1225532 did not confer protection from diabetes. The most common haplotype lacked both of the risk alleles at these positions but was not associated with diabetes, age of onset, or 2-h glucose values. However, another common haplotype (hap 2 in Table 2 ) lacking the risk alleles for all four associated SNPs (boldface in Table 1 ) displayed strong evidence for protection against type 2 diabetes (P ϭ 4.2 ϫ 10 Ϫ5 , RR 0.69), a higher age at diabetes diagnosis (P ϭ 6.7 ϫ 10 Ϫ6 ), and lower 2-h glucose values (P ϭ 1.5 ϫ 10 Ϫ4 ). The risk allele T of SNP rs12255372 was present on seven different haplotypes in this population, ranging in frequency from 0.4 to 6.8%, and only conferred increased risk for diabetes when the minor allele A of upstream SNP rs10885390 was also present (i.e., haplotypes 4, 8, and 11). The RR for carrying one or any combination of two copies *RR when bearing one or two copies of minor allele vs. risk for being homozygous for major allele when using an additive model. †"Decrease" means age at onset is lower in carriers of minor allele than in subjects homozygous for major allele. ‡SNPs in linkage disequilibrium with DGS10S478 and associated with diabetes in a Caucasian population (1). Common haplotypes lacking the risk alleles for all four associated SNPs are shown in boldface. LOC, location; MAF, minor allele frequency.
of these uncommon haplotypes was 1.23 and 1.79, respectively, when using an additive model. To determine whether genotypes at this locus accounted for our 10q linkage signal, we conducted linkage analysis conditional to a measured genotype for the individual SNPs and the haplotypes. As in the Icelandic population, neither of their associated SNPs (rs7903146 or rs1225372) accounted for the linkage in the SAFADS. Also, SNP rs10885390, by itself, did not account for any part of the 10q linkage signal. We observed the linkage signal to be affected by genotypes at SNP rs3814573, which accounted for ϳ9% of the diabetes signal. The effect of the minor allele for this SNP appears to be protective. Furthermore, the haplotype bearing all protective alleles (hap 2, described above) accounts for ϳ15% of the linkage signal. No risk haplotypes appear to account for the linkage signal.
In summary, we observed a nominal association between SNPs in TCF7L2 and type 2 diabetes in a cohort of Mexican-American families. These SNPs include two located in introns 3 and 4 that were previously shown to be associated with increased risk in Caucasian populations (1, 3, 4) , one that is located in another large haplotype block immediately upstream of TCF7L2, and another SNP located further downstream in intron 4 (rs3814573). These results provide replicating evidence for the TCF7L2 variants proposed by Grant et al. (1) and suggest that there are additional variants of the TCF7L2 gene that affect type 2 diabetes susceptibility. Conversely, our data provide additional evidence for a potential role for alterations in the TCF7L2 gene in type 2 diabetes pathogenesis but indicate that the causal TCF7L2 variant has not been identified to date.
Our analyses of glucose and insulin levels among the nondiabetic subjects do not indicate any significant effect of these SNPs on these levels. It is possible that the magnitude of the effect is too small to detect in the smaller sample. This is consistent with our lower point estimates of diabetes RR in this population, suggesting that the attributable risk among Mexican Americans may not be as high as that reported in Caucasian populations. It is likely that other unidentified variants within this large gene are the true functional sites, at least in this population. This possibility is reinforced by the fact that the SAFADS 10q linkage signal is not fully accounted for by these TCF7L2 SNPs. Moreover, we have identified haplotypes in the SAFADS that are either more strongly associated with type 2 diabetes and its related quantitative measures or confer much greater risk than that attributed to the single SNPs in this population. This suggests that a variant present on these haplotypes is the true functional site. In addition to the risk haplotypes bearing the minor alleles at SNPs rs10885390 and rs12255372, we have also observed evidence for a common protective haplotype bearing the minor allele at SNP rs3814573 located in intron 4. This haplotype may bear a protective variant(s) of TCF7L2 or conversely may represent a subset of individuals who do not bear the as-yet-unidentified risk variant. Its high frequency in the population may be the reason that observed associations are the most significant. Further evaluation of this gene, and importantly its upstream region, may elucidate the causal variant(s) in this and other populations. Table 1 ) is underlined. ‡RR of carrying either one or two copies of the haplotype vs. risk for not bearing the haplotype; np indicates that two copies of this haplotype were not present in any subject of the SAFADS. §"Decrease" means age at onset is lower in subjects bearing two copies of the haplotype than in subjects not carrying haplotype. Common haplotypes lacking the risk alleles for all four associated SNPs are shown in boldface.
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